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Abstract
    Annual variations in ground thermal and hydrological
regimes were investigated at Madoi (4273 m ASL),
northeastern Tibetan Plateau, by automatic and manual
observations of air and ground temperatures, precipitation,
snow depth, soil moisture and groundwater level. The
first year’s data show either the absence of permafrost
or the presence of relict permafrost at a depth below 10
m, suggesting significant permafrost degradation during
the last few decades. The permafrost degradation is
likely to have induced lowering of the groundwater level
by a few metres.
Key words: permafrost, seasonal frost, global warming,
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1. Introduction
    The source area of the Yellow River (Huang He),
which involves the northeastern part of the Tibetan
Plateau, is widely underlain by perennially or seasonally
frozen ground (e.g. Zhou et al., 2000). The presence
and temporal variation of the frozen ground control the
groundwater regime, lake levels and water input to
streams, which in turn would significantly influence
water circulation and resource in the whole drainage
basin. In this context, recent global warming may trigger
rapid degradation of permafrost which has been
considered to be widespread on the plateau above 4000
m ASL (e.g. Wang et al., 2001; Zhang et al., 2004;
Böhner and Lehmkuhl, 2005).
    Since 2002, we have investigated the distribution and
evolution of permafrost in the source area, as a part of a
research project on the ground water circulation in the
Yellow River basin. The field investigations include
geophysical (seismic and geoelectrical) sounding of
subsurface water and frozen ground, measurement of
near-surface soil moisture and monitoring of ground
surface temperature (e.g. Ikeda et al., 2004; Matsuoka
et al., 2004). In August 2004, a long-term observatory
for frozen ground was established at Madoi, southeastern
Qinghai Province (Fig. 1). This paper reports the first
year’s results of monitoring of environmental factors.
2. Site description and instrumentation
    The Madoi observatory is located at the Madoi
meteorological station (98˚13´E, 34˚55´N, 4272 m
ASL), the elevation representing the surrounding plateau
area (4200-4300 m ASL). The land surface above the
timberline at about 3600 m is dominated by grassland
(alpine meadow) that has been subjected to widespread
grazing activity and partly occupied by wetlands and
lakes. The recent meteorological records in 1997-2002
indicate that the Madoi region experiences a cold-dry
climate, with a mean annual air temperature (MAAT)
of -2.3˚C, a large annual thermal amplitude ranging from
-14.4˚C in January to 9.3˚C in July and an annual
precipitation of 306 mm (after the Weatheronline
homepage: www.t7online.com). The MAAT represents
a marginal value for the presence of permafrost.
However, the temperature records show that MAAT rose
by 1.9˚C compared with the mean value for 1953-1980
(Zhou et al., 2000), implying significant warming and
degradation of permafrost during a few decades.
Precipitation concentrates in summer months (May-
Fig. 1 The source area of Yellow River in SE-Qinghai,
showing the location of the monitoring site.
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October), while less than 10 % of the annual amount
falls in the rest of a year. The latter leads to very shallow
snow and a short snow-cover period. These conditions
favour deep seasonal freezing and thawing, providing a
deep active layer where permafrost is present or a deep
seasonally frozen layer where permafrost is absent.
    Sediments derived from a 10-m deep borehole (drilled
on 11 August 2004) displayed the near-surface strati-
graphy. The uppermost 2.4 m consists of sandy silt
lacking stones, which probably represents loess. A
manual measurement using the thermal properties
analyzer KD2 (Decagon) indicates a low thermal
conductivity of 0.5–1.0 W m-1 K-1 for the uppermost 20
cm of soil. Below the topsoil, the material is gravelly to
the bottom of the borehole but mostly supported with
sandy or silty matrix, which was probably of a fluvial
origin. A clayey layer with pebbles is embedded between
5.4 m and 7 m depth. During the drilling, no core was
obtained at a frozen state, although the material below
the clayey layer was hard and compact.
    A Campbell CR10X logger automatically recorded
environmental parameters: air temperature at 1.65 m
above the ground surface; ground temperature at 0.03,
0.3, 1.3, 2.3, 4.3, 6.3, and 7.8 m depth; snow depth; soil
moisture at 0.3, 0.6 and 0.9 m depth; and thermal
properties (conductivity, diffusivity and heat capacity)
at 0.1 m depth (Fig. 2). Platinum sensors measured the
air temperature (with a ventilated radiation shield) and
ground temperatures. Rapid backfilling of the borehole
by wet, unstable debris inhibited the installation of the
platinum sensors below 7.8 m. An ultrasonic transducer
detected the level of snow surface, which was translated
into the snow depth. TDR (Time Domain Reflectometry)
sensors recorded the volumetric water content of soil:
the values were calibrated in comparison with direct
weighing of soil samples. A solar panel constantly
provided the electricity to the data logger. The logging
started at 1500 h on 12 August 2004. The first data
collection on 13 July 2005 provided hourly data for 11
months.
    In addition to the automated monitoring, data from
manual observations were provided by the meteorological
station. The parameters involved the daily precipitation
and weekly groundwater level.
3. Results and interpretation
3.1. Atmospheric regime
    Figure 3 summarizes thermal and hydrological data
at the observatory for 11 months. Air temperature
records displayed a large annual range which allowed
distinction between four seasons: summer frost-free,
autumn freeze-thaw, winter frozen and spring freeze-
thaw periods. Diurnal ranges were also large, on average
12.4˚C (based on 1-h interval data) for the observation
period. The ranges slightly increased in winter, reflecting
the frequent sunny days as indicated by the small (<2
mm d-1) and sporadic precipitation. In contrast,
precipitation was frequent (>10 days per month with a
magnitude of >1 mm d-1) in summer.
    The lack of precipitation in winter also resulted in
intermittent and very shallow snow cover (Fig. 3). Snow
accumulation was mostly ephemeral. Continuous snow
cover lasting two days or longer occurred only three
times during the year, with the longest period of 20 days
in February. During these three periods, however, snow
depth never exceeded 10 cm. Extraordinarily deep, but
ephemeral snow cover was recorded twice (18 cm at 3
a.m. on 22 May 2005; 40 cm at 6 a.m. on 23 May 2005).
Since these events coincided with precipitation and
negative air temperature, they are believed to have
reflected snow accumulation, but whether or not the
records indicate the real snow depth is uncertain. The
paucity of snow cover in winter favoured the deep frost
penetration (see below).
3.2. Ground thermal regime
    Ground temperatures also indicated a large seasonal
range with a mean annual temperature close to 0˚C at
the ground surface (0.03 m in depth), which resulted in
deep seasonal frost despite the low thermal conductivity
of the topsoil (Fig. 3). The seasonal frost penetration
began in early November, decelerated in mid-winter and
finally reached a maximum depth of 2.6 m in late April
when seasonal thawing had already began from the
surface. The thawing front progressed slowly at a semi-
constant rate of about 0.9 m per month, which favoured
long-lasting seasonal frost until middle July. The ground
between 4 m and 8 m in depth was kept at slightly
Fig. 2 The Madoi observatory and instruments. The
Madoi meteorological station on the back.
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Fig. 3 Annual variations in environmental parameters at the Madoi observatory. Snow depth, air and ground
temperature and soil moisture were monitored at 1-h intervals. The isotherms were drawn on the basis of
10-d mean ground temperatures.
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positive temperatures (0–4˚C) throughout the year.
Extrapolating isotherms suggest that the ground below
10 m was maintained at just above 0˚C and, taking
account of recent rapid warming, permafrost might be
present below a certain depth.
    The ground surface experienced also shallow diurnal
frost (temperature cycling across 0˚C), which frequently
occurred in two periods from middle September to early
November and from middle March to early May (Fig.
3). Since the temperature cycling was often associated
with precipitation (i.e. moisture source), diurnal frost
heaving (including needle ice formation) may have
frequently happened within the uppermost few
centimetres of the silty soil (cf. Matsuoka, 1996).
3.3. Ground hydrological regime
    Soil moisture content at 30 cm depth showed a large
seasonal variation but lacked short-term variation
responding to the precipitation events (Fig. 3). The latter
probably resulted from a small permeability of the silty
topsoil. In terms of the moisture content at 30 cm depth,
four periods were distinguished: dry late summer,
relatively wet autumn, frozen winter and relatively wet
spring to early summer. Direct weighing of soils
confirmed the difference in the water content between
middle August in 2004 (3.7 % vol) and early July in
2005 (8.7 % vol), although whether or not the soil dried
again in late summer 2005 is to be confirmed.
    The seasonal variation mainly reflected three events:
a rapid rise in the volumetric water content from 5.5 %
to 10.9 % within 4 h on 23 September (Fig. 4); a fall
from 7 % to 4 % in early November; and the reverse in
middle April (Fig. 5). The last two corresponded
respectively to seasonal frost and thaw penetration. The
low moisture values (min. 2.5 %) during the winter
months synchronized with the frozen period, thus
possibly representing the unfrozen water content of the
frozen soil, though calibration is required (e.g. Stein and
Kane, 1983; Spaans and Baker, 1995; Yoshikawa and
Overduin, 2005). The rapid rise on 23 September was
problematic. Having followed the second largest
precipitation (17 mm in 3 days) during the observation
period, this rapid wetting must have responded to
infiltration of rain water. However, such a rapid change
never accompanied any other precipitation events (Fig.
3). For example, the largest precipitation that happened
in early July (23 mm in 3 days, or 50 mm in 10 days)
was only accompanied by a gradual rise in water content
by less than 1%. Thus, the 23 September event possibly
reflected crossing of a wet front at 30 cm depth, but
otherwise it may have overestimated the real water
content due to the initial instability (e.g. lack of close
contact between the sensor and soil) or another problem.
    The water content changed less dramatically at deeper
soils (Fig. 3). The volumetric water content ranged
between 3.2 % and 7.6 % at 60 cm depth and between
2.8 % and 4.7 % at 90 cm depth, mainly in response to
seasonal freezing and thawing. Slow wetting after
seasonal thawing also progressed at both depths. The
23 September event, however, failed to affect the deeper
sensors, apart from delayed, slow wetting having
progressed at 60 cm depth one month later.
    The groundwater level also varied seasonally (Fig.
3). It reached highest (2.95 m) in early November when
seasonal frost penetration started at the ground surface.
The level lowered gradually with frost penetration, lying
at 150±20 cm below the freezing front (Fig. 6). Such a
concurrent lowering may have reflected a double
function of the frozen layer which, on one hand, blocks
the infiltration of precipitation and, on the other, uptakes
water from the sub-soil. If the latter function was
operative, frost heave would have happened near the
Fig. 4 Precipitation and soil moisture in September 2004.
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Fig. 5 Precipitation and soil moisture during the thawing period in 2005.
Fig. 6 Seasonal variations in frozen ground and groundwater level in 2004-2005.
base of the frozen layer, although the gravelly sediment
and a large loading pressure were generally unfavourable
for frost heaving.
    At the beginning of July the water level recovered by
0.7 m within a week, following complete thawing of
the seasonal frost. The rise of water level seems to have
lagged behind the complete thawing by about one week,
although the weekly observations failed to record the
precise date. Both of the supra-frost meltwater that had
been stagnant above the frozen layer and the newly
melted water would have percolated downward and
finally raised the water level.
4. Summary and implications
    The first year’s data from the Madoi observatory
indicate either the absence of permafrost or the presence
of degrading (relict) permafrost at a depth below 10 m.
One-dimensional geoelectrical survey supports the
former interpretation, since it failed to identify a high
resistivity layer indicative of frozen soil but only detected
the groundwater level (to be reported elsewhere). Since
the observatory is located on a flat terrain and at a
representative elevation of the northeastern Tibetan
Plateau, a large part of the plateau may be devoid of
permafrost or accompanied only by relict permafrost.
Taking the recent continuous warming (ca. 2˚C during
the last 30 years) into account, permafrost is likely to
be degrading rapidly from the plateau, where permafrost
may have been ubiquitous a few decades ago (Wang,
1987). Seismic soundings in the Madoi region also
support this conclusion (Matsuoka et al., 2004). The
deepening permafrost table, or even disappearing
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permafrost, would also have lowered the (supra-
permafrost) groundwater level over the wide area of the
plateau.
    In contrast to the lack of (shallow) permafrost, the
ground experienced deep and long-lasting seasonal frost
reaching a depth of 2.6 m. Such an annual freeze-thaw
cycle significantly controls the groundwater regime. At
the Madoi observatory, the groundwater level varied
seasonally between 3 m and 4.3 m. When stable
permafrost was present, it was most likely accompanied
by an active layer 2–3 m in depth, and the (supra-
permafrost) groundwater level would have lain in the
similar depth range. Thus, lowering of the groundwater
level by about 1–2 m may have happened during the
last few decades at the observatory. Peng et al. (2003)
also reported lowering of the groundwater level by 0.52–
1.18 m during nine years (1992–2001) at 17 wells in
the Madoi region. Towards more extensive and precise
evaluation of changing permafrost and water resources
in the Yellow River basin, we plan in the final step of
the 5-yr project further to investigate the presence and
depth of permafrost and the groundwater level at many
locations, as well as to model ground thermal and
hydrological regimes.
Acknowledgements
    We acknowledge Drs. C. Gao, Z. Han, Y. Uchida and
Mr. J. Ding for logistical help and field assistance and
the staff of the Madoi meteorological station for their
help in manual measurements. The study was supported
by a national program ‘Sustainable Coexistence of
Human Nature and the Earth’ founded by the Ministry
of Education, Culture, Sports, Science and Technology.
References
Böhner, J. and Lehmkuhl, F. (2005): Environmental
change modelling for Central and High Asia: Pleis-
tocene, present and future scenarios. Boreas, 34,
220-231.
Ikeda, A., Matsuoka, N. and Sueyoshi, T. (2004):
Permafrost survey in the source region of the Yellow
River: a preliminary report. Seppyo, 66, 235-239.
(in Japanese)
Matsuoka, N. (1996): Soil moisture variability in relation
to diurnal frost heaving on Japanese high mountain
slopes. Permafrost Periglac. Process., 7, 139-151.
Matsuoka N., Ikeda, A., Sueyoshi, T. and Ishii, T. (2004):
Permafrost sounding (2003–2004) in the source area
of the Yellow River, China. Ann. Rep. Inst. Geosci.,
Univ. Tsukuba, 30, 33-38.
Peng, X., Wu, Q. and Tian, M. (2003): The effect of
groundwater table lowering on ecological environment
in the headwaters of the Yellow River. J. Glaciol.
Geocryol., 25, 667-671. (in Chinese with English
abstract)
Spaans, E.J.A. and Baker, J.M. (1995): Examining the
use of time domain reflectometry for measuring
liquid water content in frozen soil. Water Resour.
Res., 31, 2917-2925.
Stein, J. and Kane, D.L. (1991): Monitoring the unfrozen
water content of soil and snow using time domain
reflectometry. Water Resour. Res., 19, 1573-1584.
Wang, G., Qian, J., Cheng, G. and Lai, Y. (2001): Eco-
environmental degradation and causal analysis in
the source region of the Yellow River. Environ.
Geol., 40, 884-890.
Wang, S. (1987): Frozen ground and periglacial features
in the southeastern part of Qinghai Province. In
Hövermann, J. and Wenying, V. eds., Reports on
the Northeastern Part of the Qinghai-Xizang
Plateau. Science Press, Beijing, pp. 343-366.
Yoshikawa, K. and Overduin, P.P. (2005): Comparing
unfrozen water content measurements of frozen soil
using recently developed commercial sensors. Cold
Reg. Sci. Technol., 42, 250-256
Zhang, S., Wang, Y., Zhao, Y., Huang, Y., Li, Y., Shi, W.
and Shang, X. (2004): Permafrost degradation and
its environmental sequent in the source regions of
the Yellow River. J. Glaciol. Geocryol., 26, 1-6. (in
Chinese with English abstract)
Zhou, Y., Guo, D., Qiu, G. and Cheng, G. (2000): Geocryology
in China. Science Press, Beijing, 450 p. (in Chinese)
Received 22 September 2005
Accepted 20 October 2005
